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Abstract
Equal-Channel Angular pressing (ECAP) was conducted to 2017 and 1100 aluminium alloys. X-ray patterns show the presence
of precipitates in both alloys. ECAP leads to an increase of the lattice thus the relative swelling parameters for the first alloy and
to a small decrease of these parameters for the second. Peak broadening was related to a reduction of coherency length which
reaches 54 nm for the 2017 alloy whereas it is reduced only to 80 nm for the other alloy and to an increase of the root mean
square strain which reaches 0.56% for the first alloy but it close only to 0.2% for the second alloy.
© 2009 Elsevier B.V.
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1. INTRODUCTION
Aluminium alloys have been widely investigated due to their low mechanical properties and consequently the
higher possibilities to introduce high amounts of deformation. It is well established that addition of copper to
aluminium-based alloys simultaneously increases hardness and decreases ductility [1]. In fact, the microstructure of
casting Al-Cu alloys consists of a very heterogeneous distribution of coarse and brittle  phase (Al2Cu) precipitated
in the aluminium matrix and within grain boundaries [2] whereas these precipitates can significantly increase
corrosion susceptibility during wet and dry processing due to the galvanic action between the θ- phase and the
adjacent. Cu-depleted matrix [3,4] that leads us to not forget the non Cu alloying aluminium so we try usually to
improve their properties to let them at the same qualities of the Al-Cu alloy. These alloys can be strengthened by
ECAP without any aging treatments as seen in a recent work of Fang et al. [5]. It is well established that physical
and mechanical properties are strongly related to the microstructure [6] so that, it is important to control the
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evolution of the microstructure via the amount of deformation introduced. X-ray diffraction peak profile analysis is
often used, in particular to determine the coherency length and the lattice strains of nanocrystalline materials [7, 8].
Among the various imperfections in metals that have important effects on the diffraction conditions, dislocation
density [9], fault probability, finite coherency length and lattice distortions yield to a change of the diffraction
pattern. Changes in lattice parameter lead to shifting of diffraction peaks. The variation can be easily estimated from
the Bragg Law:
Δ(2θ)rad = - (πδtanθ)/90 (1)
δ = (a-ao)/ao is the relative variation of lattice parameter. For a positive variation, it is designed by the relative
swelling.
The finite coherency length (crystallite size) and lattice distortions yield to peak broadening with different
dependencies on diffraction angle θ. the broadening due to coherency length, D, can be expressed by the Scherrer
formula [9]:
D = θ
λ
cosD
K (2)
D is the average coherency length in the considered crystallographic direction,  is the radiation wavelength,  is
the diffraction angle and K is a constant close to unity [10].
An additional line broadening due to lattice microstrains is expressed by [11]
ε = 4ε tan  (3)
where ε is the root mean square strain (rms-strain).
Several methods have been developed to express the simultaneous contributions of these parameters. The
simplest formula consists of a deconvolution of the peak broadening β in terms of the scattering vector d* = 2 sin
/ [12]. When β is taken as the full width at half maximum (FWHM) of each diffraction peak, this leads to the
original equation of Williamson and Hall [13].
*β = ε*d +
D
1 (4)
in which * =  cos /;
Langford [14], using the Halder-Wagner approximation [15] has assumed that the line profile resulting from the
simultaneous contributions of size and strain effects is Voightian. This leads to a non-linear relationship between *
and d*. In that case, the reciprocal broadening * is related to the microstructural parameters by:
(*/d*)2 = D-1*/(d*)2 + (ε/2)2 (5)
According to equation (5), plotting (*/d*)2 versus */(d*)2 gives the average values of coherency length D from
the slope and of the rms-strain ε from the ordinate intercept. In addition to peak broadening, a shifting of the
diffraction peaks is remarked in experimental data of deformed metals; this is due to the simultaneous contributions
of various defects introduced with different manners and magnitudes [16]: A change of the lattice parameter leads to
shifting of all of the peaks according to equation (1). The whole variation (increase or decrease) is due to the strong
compression/expansion fields generated in high deformed metals so that a constrained lattice parameter is obtained
rather than in stress-free conditions. A further relaxation of the lattice can be obtained after slight annealing.
The more common defects in deformed metals are dislocations either in a random distribution or forming dipoles
and cells within the matrix. Indeed, their density is expected to be more important than those of other defects mainly
in metals of high stacking fault energy like aluminium or nickel. An increase of dislocation density leads, in addition
to broadening, to peak asymmetry. Wilson [17] showed for screw dislocations, that diffraction peaks broaden
perpendicular to dislocation axis. Assuming that the latter is in c direction, the width increases with b.l product,
where b is the magnitude of Burgers vector and l is the appropriate Miller index. Equivalent results were obtained
for pure edge and mixed dislocation [18]. According to the above considerations, the effect is expected to be
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important rather for high order reflections. However, dislocation arrangement may change to more ordered state by
forming dislocation cells; this is generally accompanied by a relaxation of the lattice and the broadening of peaks
can be reduced and can be replaced by the apparition of superlattice reflections due to an additional ordered
structure of dislocations [19]. Peak asymmetry due to an increase of dislocation density arises from the strain fields
created mainly around edge dislocations. The related scattering decay asymptotically when θ increases [16].
From the above considerations, the separation of the different contributions of peak shape and peak broadening is
complicated and many assumptions must be made to evaluate coherency length and lattice distortions, which are the
most important parameters considered in line profile analysis.
In the present work a 2017 industrial Al-Cu alloy and an Al 1100 alloy were investigated firstly to determine the
effect of ECAP on the microstructure parameters of each alloy in terms of lattice parameter, coherency length and
microstrains and secondly, to compare these parameters in order to see the effect of the addition of Cu.
2. EXPERIMENTAL PROCEDURES
The materials used in this investigation are two industrial Al 1100 and Al 2017 alloys. They were received in
form of rod (12x12x5000) mm3 in size for Al 2017alloy and ingot for Al 1100. Their Chemical compositions are
shown in Table 1. Both materials were annealed at 550°C for 24hours and quenched in iced water to produce
homogeneity. Thereafter, specimens of 10×10×50 mm3 were machined for ECAP experiments. Al 1100 alloy was
pressed at room temperature directly after homogenisation whereas Al 2017 alloy after quenching is then brittle and
in this state many cracks were observed after one pass through the die indicating that the stress imposed to the alloy
exceeds its tensile strength, so that it was annealed before extrusion at 350°C for one hour [20]. ECA pressing was
performed using a die with two square channels forming an angle Φ = 90°. The angle Ψ representing the outer arc of
curvature is 90°. ECAP was carried out via route B in which the sample is rotated by 90° around its longitudinal axis
between successive passes.
Table1: chemical compositions of the investigated aluminium alloys (weight %)
The microstructures of the deformed specimens were investigated by X-ray peak profile analysis. X-ray
diffraction patterns were recorded on a wide angle diffractometer in the -2 step scan mode by using CoK
radiation. Scans were collected over a range of 20°-120° in 2θ. To measure the intensity of each Bragg reflections
an angle steps of 2 = 0.016° and fixed counting times of 4s were taken.
Several methods can be used to calculate an average value of the lattice parameter. In the present study, the
reported values are the mean values obtained from (111) and (200) reflections using the Bragg law.
The profiles of all the fundamental peaks were analyzed separately. Integral breadth, defined by the ratio between
the integral intensity and the height of each peak was used in calculations. These parameters were determined by
using WinPLOTR software. The ratio between the integrated intensity and the height of the peak gives the
experimental integral breadth e which is corrected for the peak breadth i due to the instrumental effects to obtain 
using the relation given for
a voightian profile by [15]:
 = [( e 2 – i 2 )1/2 × ( e - i )]1/2 (6)
i was taken as the integral breadth corresponding to the same 2θ value for NaCl powder chosen as a standard
reference material. In fact, the annealed alloy should not be free of stress because it was quenched after keeping at a
relatively high temperature, therefore the breadth of reflections should not be due to instrument only.
Alloys Al Mg Si Mn Ni Fe Cu Cr Zn Pb
Al 2017 92.8 0.29 0.71 0.93 < 0.1 0.64 4.44 0.05 < 0.15 0.12
Al 1100 balance 0.17 0.35 0.1 - 0.36 0.0409 0.0345 0.19 _ -
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3. Results and discussion
3. 1. Changes in peak position
Fig. 1. A section of X-ray patterns, showing the (111) and (200) peaks before and after ECA pressings in the Al
2017 (a) and Al 1100 alloys (b, c).
Figure 1 shows a part of the XRD patterns of the Al 2017 alloy (Fig. 1a) and of the Al 1100 alloy (Fig. 1b and 1c)
before and after ECAP. In addition to the fundamental peaks of aluminium matrix, other peaks of low intensities
were also detected. According to previous characterizations of Al-Cu, Al-Cu-Mg [21-22] and Al-Fe-Si alloys [23],
these peaks correspond to Al2Cu and Al2(Cu,Mg) phases for the first alloy and to Al8Fe2Si phases for the second
b
a
c
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alloy. Changes of the width of all the matrix peaks were observed in deformed specimens for both materials but
changes of their position were detected only for the Al 2017 alloy. In order to know the causes of such variation of
the displacement, for both materials, the relative positions of the peaks (111) and (200) were examined referring to
equations (1).
Fig. 2. Δ(2θ)/tanθΝ according to (111) peaks(full marks) and to (200) peaks (open marks) as a function of the
number of passages in 2017 (squares) and 1100 (triangles) aluminium alloys.
Figure 2 shows the variation of the ratio Δ(2θ) /tanθΝ as function of the number of passages through the die
according to equation(1). In this representation Δ(2θ) =( 2θΝ − 2θΝ=0) We note that the two peaks were shifted
towards lower values for the Al 2017 alloy whereas, no significant variation was remarked for the other alloy. Since,
changes of peak position can be ascribed, among others, to a change of lattice parameter, it is main important to
investigate the effect of ECAP on the lattice or the relative lattice parameters variation. Figure 3 shows the evolution
of the relative variation of lattice parameter designed by the relative swelling δ = Δa/a0 = (aN – aN=0)/ aN=0 (figure 3a)
and of the lattice parameter (figure 3b) as a function of the number of passes. For the Al 2017 alloy an important
increase of these parameters is observed between N=1 and N=2 which is attributed to the generation of high defect
density. For subsequent passages, no variation is remarked due to the saturation of quantity of defects created. On
the other hand, a slight decrease is shown in the Al 1100 alloy which is related to the compression of the lattice [23]
caused by the ECAP which can not take place in the Al 2017 alloy due to the presence of the copper in the matrix.
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Fig. 3. Variations in the relative swelling parameter (3a) and lattice parameter (3b) as a function of the number of
passages, N.
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3. 2. Peak broadening
Fig. 4. The Normalized X-ray diffraction pattern for (111) reflection for the ECA pressed and unpressed Al 2017
(4a) and Al 1100 alloys (4b). (note the difference in the 2θ scale)
An example of the broadening of the (111) reflection is shown in Figure 4. Here, the peaks of deformed samples
were shifted to their position before extrusion for the Al 2017 alloy (Figure 4a) and their intensities were normalized
a
b
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to the maximum value for both materials. An important broadening was observed after the first pass through the die,
which causes the absence of the K2 shoulder observed for N = 0.
In the present work, the Halder-Wagner was used to determine the mean values of coherency length D and of the
rms-strain ε. Figure 5 represents the values obtained by using this method. A strong refinement of the coherency
length D and an increase of the rms-strain are obtained since the first passage through the die for both alloys. The
average value of D obtained since the first passage which is around 54 nm for the Al 2017 alloy is lower then that
obtained for the Al 1100 alloy which is around 80nm whereas the increase of the rms-strain ε is more important for
the Al 2017 alloy where ε increases from 0.4% for N=1 to 0.56% for N=3 than for the other alloy where it increases
from 0.1% to 0.2% for N=3. It is not easy to explain the effects of copper addition on the coherency length and the
rms-strain. It seems that copper rich alloy accumulate a greater amount of lattice defects after ECAP; this may be
due to the presence of precipitates Al2Cu. In fact, the precipitate-matrix interface is known to be an efficient source
of dislocations by Frank-read mechanism mainly for semi-coherent interfaces [24].
Fig. 5. Crystallite size (full marks) and rms-strain (open marks) as a function of the number of passages in 2017
(squares) and 1100 (triangles) aluminium alloys.
4. Conclusion
The strength of aluminium alloys can be improved by plastic deformation. ECA pressing is known to lead to a
high strength via a reduction of grain size without a change of the specimen shape. In the present work, this
technique was applied to an overaged Al 2017 and quenched Al 1100 alloy up to three passes via route B. XRD
analysis revealed the presence of Al2Cu and Al2(Cu,Mg) precipitates in the first alloy and of Al8Fe2Si in the second
alloy. Changes of peak breadth and peak positions were observed after ECAP; these were related to a change of the
microstructure. An increase of lattice parameter, related to an increase of lattice defects mainly dislocations was
observed in the Al 2017 alloy whereas this parameter decreases in the Al 1100 alloy. The broadening of the peaks
was related to a decrease of the coherency length and to an increase of the rms- strain. The average values obtained
from the Halder-Wagner representation show that the reduction of coherency length and the increase of the rms-
strain were affected by the presence of copper. In fact, the reduction is enhanced by the addition of copper since
coherency length decreases up to 54 nm for the alloy containing Cu but it reaches only 80nm for the other alloy,
whereas the presence of copper increases more the rms-strain .
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